Introduction
The phenomenon of calcium carbonate crystal growth from aqueous solutions on surfaces widely occurs in systems where carbonate and bicarbonate ions are present, such as in domestic systems, waste and drinkable water treatment systems or industrial apparatus where water is used. Crystal growth leads to the formation of mineral scale which reduces the performance of membrane materials in equipment. The scale development is affected by factors such as: pH, super-saturation index, temperature, water composition etc.
The process of scaling and crystal growth includes the following stages:
1) The induction period involve nucleation and crystal growth.
2) The mineralizing crystals and others particles transportation from the bulk and its adhesion to the surface, 3) Ageing of crystals at a surface, for instance due to recrystallization and dehydration.
Other components present in a mineralizing solution could increase or decrease the crystal growth rate by adhesion to crystal surfaces.
The abovementioned physico-chemical factors play an important role in crystal growth on a surface and hence in the performance over time of membrane materials. An understanding of the kinetics governing formation and growth of calcium carbonate crystals on surface is important to gain the ability to predict, control and direct or stop this process. Many studies have been performed of calcium carbonate crystal growth on a macroscopic scale using indirect methods that monitor changes of solution chemistry [1] . These studies have revealed a dependence of growth kinetics upon parameters such as pH, supersaturation ratio, ionic strength or temperature [2] [3] [4] . Atomic Force Microscopy (AFM) has been extensively used to study mechanisms and growth rates of single crystals from solution [5] [6] [7] , including calcite crystals [1, [8] [9] [10] [11] [12] [13] [14] . The high resolution of AFM can visualize monomolecular steps on atomically flat crystal surfaces. It has been also observed that the AFM tip can influence the growth rate under supersaturated conditions [9] . Vertical scanning interferometry is an alternative approach to study growth rates and morphology of single barite crystals [5] . In these approaches the mineralization was studied after seeding. Therefore a measured growth rate is dependent on e.g., seed preparation method. In another study, cryo-electron tomography was used to investigate self-nucleated, template controlled growth of CaCO 3 crystals from the solution-phase [15] . Early crystallization events of a few nanometer were observed.
Raman micro-spectroscopy is a well-established method to study crystal morphology as it provides information about the chemical composition and crystal polymorphism [16] [17] [18] [19] [20] . The method enables investigations under ambient conditions in an aqueous environment. Raman micro-spectroscopy is a non-invasive, contact-free method that does not influence crystal formation. Furthermore, the method is quantitative as the Raman scattering intensity of a typical group vibration is directly related to the total number of that chemical group. This paper presents time lapse Raman spectroscopic imaging for in situ study of single calcium carbonate crystals growing on a polysulfone film under diffusion-limited conditions in a stagnant solution. In time lapse Raman imaging a time-sequence of Raman images is made of a region of interest. All the individual images can be analyzed simultaneously to provide physico-chemical data of the growing crystal. It will be shown below that the mass growth rate of individual calcite crystals can be obtained directly from time lapse Raman images.
Materials and Methods

Materials
Sodium bicarbonate (NaHCO 3 ), calcium chloride (CaCl 2 ), potassium chloride (KCl), sodium hydroxide (NaOH) was of analytical grade and obtained from Sigma Aldrich, Germany. Pellets of polysulfone (PSU) with ~ 35,000 Mw was purchased from Sigma Aldrich, Germany. Cyclopentanone was used as a solvent for polysulfone thin film production. Analytical grade cyclopentanone was purchased from Fluka Analytical. Raman grade calcium fluoride windows with a thickness of 200 µm and a diameter of 1 cm were obtained from Crystran Ltd.
Methods
Liquid cell: A liquid cell was custom made from glass (DURAN® borosilicate) with a volume of 32 ml. At the top of the cell a window with a diameter of 0.8 mm was made by removing the glass by cutting. The window was sealed with 200 µm calcium fluoride disc (CaF 2 ). The disc was covered with a 4.5 ± 1.5 mm thin polysulfone film. The polymercovered surface was mounted towards the interior of the liquid cell. The orientation of the active polysulfone surface above the mineralization solution avoided sedimentation on the surface of crystals that may have grown in solution. High resolution Raman imaging could be performed on the interface polymer-mineralization solution with a high numerical aperture (NA=0.95) objective with a working distance of 300 µm. CaF 2 was selected as a substrate because this material gives minimal optical contributions to the Raman scattering. The cell was placed on a microscope stage with the measurement window towards the objective. Measurements were performed in a closed liquid cell to prevent exchange of carbon dioxide from the chamber with the atmosphere. A schematic figure of the fluidic cell is presented in Figure   1A . The Raman signal was acquired by stepping the laser in x-and y directions over the region of interest. The Raman spectral information comes from a laser focal volume (c), with an ellipsoidal shape with dimensions of 1500 nm (a) by 330 nm in diameter (b), shown in Figure  1B together with a schematic representation of imaging.
The liquid cell was cleaned before use with 1M H 2 SO 4 and rinsed thoroughly with milliQ water. The polysulfone film was prepared by dissolving polymers pellets in cyclopentanone up to a 0.4%wt concentration. The entire calcium fluoride window was wetted with a polymer solution and the substrate was accelerated to a spin speed of 4000 rpm. The total spinning time was 6 s. The thickness of the polysulfone film was determined to 4.5 ± 1.5 mm.
Supersaturated solutions:
Two types of supersaturated solution were prepared, which will be distinguished as SS1 and SS2. In order to prepare solution SS1 two solutions of 250 mL of NaHCO 3 (4.0 mM) and CaCl 2 (8.0 mM) were prepared. The ionic strength was adjusted to 0.10 by the addition of 3.2 g KCl to the solution of NaHCO 3 . The pH was adjusted to a value of 8.89 by the addition of 30 µL of aqueous NaOH (3.0 M) to the solution of CaCl 2 . The final SS1 was prepared by mixing aqueous solutions of NaHCO 3 and CaCl 2 in a ratio of 1:1 to obtain the desired volume.
SS2 was prepared by mixing 250 mL of a solution of NaHCO 3 (10.0 mM) and 250 mL of a solution of CaCl 2 (10.0 mM). All solutions were prepared with Milli-Q water.
The driving force for crystals formation is the super-saturation ratio, which is defined in following equation:
is the absolute temperature, Δµ (J mol -1 ) is the change in chemical potential of ions in the crystal (µ ic ) and the chemical potential of ions in the liquid phase For ionic solutions, such as CaCO 3 , the super-saturation can best be expressed in terms of ion activities [21] .
Where IAP is the ion activity product, K sp is the thermodynamic solubility product, which is 3.36 × 10 -9 for calcium carbonate in the calcite structure [22] .
The super-saturation ratio and the chemical speciation of the solutions in this study were calculated in the program Visual MinteQ 3.1 from the total concentration of ions in solution (Cl -, Ca 2+ , Na + , H + , CO 3 2-, K + ) and the activity coefficients as computed by the program [23] [24] [25] .
Confocal Raman micro spectrometer and data analysis: All Raman measurement were conducted with a home-built Raman spectrometer [26] . The excitation source was a Kr-ion laser (Coherent, Innova 90-K. Santa Clara, CA) with an emission wavelength of 647.09 nm. Raman spectra were acquired using an objective with 40X magnification and a NA of 0.95. A pinhole with a diameter of 15 µm functioned as the entrance aperture to the spectrograph. The spectrograph dispersed the light in the range from 645-847 nm. The Raman signal was detected by a back illuminated CCD camera with 1600 × 200 pixels (Newton DU-970N-BV; Andor Technology). The combined spectrograph and CCD camera recorded Raman shifts between -50 cm -1 and 3650 cm -1 .
The series of images were acquired under following conditions for SS1 laser power 75 mW, an acquisition time 0.1 s/per pixel, Raman maps 32 × 32 spectra, and for SS2 laser power 80 mW, an acquisition time 0.034 s/per pixel, Raman maps 32 × 32 spectra. The position of a crystal was located on the polysulfone surface by bright field optical microscopy. Crystals with a diameter larger than 100 nm could be discerned by bright field microscopy. The Raman excitation laser beam was focused on the polymer surface. The Raman images were acquired with the crystal in the center of the region of interest (ROI). The position of the ROI was adjusted in between images during time lapse measurement to follow the direction of crystal growth. The size of the square ROI was adjusted to the size of the crystal. The images were taken one after another with user defined time delay between images.
The measured Raman spectra were corrected for: 1) Cosmic ray events, 2) wavelength-dependence of the sensitivity of the complete Raman spectrometer,
3) CCD camera-etaloning, 4) Absolute amplitude correction by a calibrated tungsten halogen lamp and 5) Conversion from pixels to wavenumbers by the combined output from a mercury-argon lamp and the recorded Raman spectrum of toluene.
After this procedure fully corrected Raman spectra were stored and used for further analysis.
The corrected Raman spectra were subjected to singular value decomposition (SVD) to improve the signal to noise ratio [27] . The Raman scattering intensity in each pixel of the time lapse images was determined with a custom written Labview program. The intensity was calculated for the carbonate vibrational mode at 1086 cm -1 after subtraction of a local linear baseline between selected anchor points left and right of the band of interest.
Results and Discussion
The onset of crystal growth was monitored by bright field microscopy and upon the observation of crystal growth event the region of interest (ROI) of the polysulfone polymer surface was monitored by time lapse Raman imaging with the crystal in the center of the ROI. The intensity of the carbonate ion symmetric stretch vibration at a position of 1086 cm -1 was used to construct images. Each resulting Raman image shows the morphology of the crystal and the time sequence of the images shows crystal growth from a supersaturated solution ( Figure  2A ). The region of interest in the first four images was 4.5 µm × 4.5 µm. The step size (x, y) of the laser scanner was 146 nm. This step size is in accordance with the Nyquist sampling frequency for optimal information retrieval. The 5 th to 15 th images were acquired with a step size of 397 nm to maintain a clear border between the growing crystal and the edge of the region of interest. An example of an average Raman spectrum of a crystal is presented in Figure 2B . The characteristic Raman frequencies of carbonate ion in a calcite crystal lattice occur at 1086 cm -1 : C-O symmetric stretching, 711 cm -1 : C-O antisymmetric stretching, 1436 cm -1 , 1750 cm -1 : C=O stretching and lattice related modes in positions at 156 cm -1 and at 282 cm -1 [17, [20] [21] [22] [23] [24] [25] [26] [27] [28] . The Raman spectra therefore, show that the crystal on a PSU film formed in a calcite polymorphism. The presence of calcite polymorph was observed in all the Raman images of the time lapse series. The earliest image was obtained 25 minutes after mixing. No Raman bands of other calcium carbonate polymorphs, like vaterite, aragonite or amorphous calcium carbonate, could be discerned. Calcite is thermodynamically the most stable polymorph of calcium carbonate and no changes were observed in crystal polymorphism during growth. The Raman spectrum of the 4.5 ± 1.5 nm polysulfone polymer layer that acted as the active material for crystal growth is shown in Figure 2C . The spectrum contains characteristics PSU bands in position 1073, 1108, 1148 cm -1 . The band in the position 1086 cm -1 , characteristic for carbonate, is still visible in the spectrum of the background as weak contributions from crystal edges contribute to the background signal.
The anisotropic growth of the crystal after the first 43 minutes can be observed in the images presented in Figure 2A . After the image taken at 43 minutes, the crystal starts to grow irregularly due to rapid anisotropic growth. The positions at the crystal surface where irregular growth occurs are marked in the images by arrows. The irregularity in the crystal shape disappears during its growth and in the last image, acquired after 24 h, the crystal achieved a regular shape very familiar for calcite crystals.
Single crystal growth rate from time lapse Raman images
The intensity of Raman bands is proportional to the number of molecules in the measurement volume, which is the volume effectively sampled by the laser focal volume. The calcite single unit cell has a rhombohedral shape with dimensions a=b=4.9896 Å, c=17.061 Å, and the number of calcite groups in the unit cell Z=6 [29] . Based on this data, the number of carbonate molecules in the microscope volume was calculated in case this volume was completely filled with calcite crystal. The Raman scattering cross section, σ R , of carbonate ion in calcite can be experimentally determined from the number of measured photons, as follows: Figure 3C shows crystal growth from a super saturated solution SS2. The starting concentration of solution SS2 was two and a half times higher degree of super saturation than SS1. The higher super saturation leads to a more rapid crystal growth, which was modeled by a sigmodal function, which represents full growth (until ions depletion) during this measurement time measurement time.
The growth rate of a crystal R G was calculated from equation 2.3 [21] .
Where n is the number of moles CO 3 2ions, S is the surface area of one crystal face measured for each time point and t is time.
The surface S of the growing crystal was calculated from the pixels in the Raman images, using the amount of pixels of the measured crystal surface multiplied by the known pixel size. The crystal growth rate was expressed as an average of growth rates calculated per time point [30, 31] .
The growth rate depends on solution parameters, such as: the supersaturation index (SI), the ionic strength (I), the pH and the [Ca 2+ ]/[CO 3 2-] ratio [8, [32] [33] [34] [35] . Table 1 compares the results from this study with results from the literature [33] [34] [35] . Experimental conditions for crystal growth rates vary widely in the literature and importantly influence observed growth rates. The conditions in the literature included in Table 1 most closely approximated the conditions of this study.
The AFM data on crystal growth rate are usually obtained at constant saturation index. In our experiment growth was studied at a starting saturation index of 1.2, which was not maintained constant during growth. the visualization of the number of growth events would be desirable. Therefore an integration of Raman microscopy with a fast method for event recognition, e.g., dark-field microscopy, is required.
Conclusion
Time lapse Raman imaging was developed as a method to study in situ single, self-nucleated calcite crystals on the surface of an active polysulfone polymer layer. The analysis of the material-specific information in the Raman images enables the extraction of the mass growth rate. The experimentally obtained values for growth rate of calcite from time lapse Raman imaging is in good agreement with values from the literature. Differences in these values can be related to the differences in conditions prior to and during the crystallization process and are in agreement with the expected trend. Further development requires a more efficient search for growth events in spontaneous crystallization.
The experimentally determined growth rate (vide supra) is in good correspondence with experimental values obtained in the literature. Especially when considering that in this work, experiments were performed at a higher saturation index of 1.2 and a higher ratio of the calcium ion to carbonate ion concentration. Both aspects tend to increase the growth rate, which was observed. Moreover, the calculated growth rate could be an overestimate, since the focal volume of the laser will also partialkly measure the side surfaces of the growing crystal, which were not included in the calculation.
The growth rate is strongly influenced by the presence of seeds for crystallization. In this work no seeds were used and crystals were spontaneously formed at the active polymer layer. The occurrence of a growth event is rare in the case of unseeded crystallization. Also the location of a growth event is not known beforehand. An increase of The curves show crystal growth on PSU film from solution SS1 with a starting concentration of 2 mM of CO 3 2- . The data points were fitted to a quadratic function. C) The curve shows crystal growth from solution SS2 with a starting concentration of 5 mM of CO 3 2- . The data points were fitted to a sigmoïdal function. 
